Sonoluminescence bubble measurements using vision-based
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ABSTRACT

Vision-based measurement methods were used to measure bubble sizes in this sonoluminescence experiment.
Bubble imaging was accomplished by placing the bubble between a bright light source and a microscope-CCD
camera system. A collimated lighi-emitiing diode was operated in a puised mode with an adjusiable time delay with
respect to the piezo-electric transducer drive signal. The light-emitting diode produced a bubble shadowgraph
consisting of a multiple exposure made by numerous light pulses imaged onto a charge-couple device camera. Each
image was transferred from the camera io a computer-conirolled machine vision system via a frame grabber. The
frame grabber was equipped with on-board memory to accommodate sequential image buffering while images were
transferred to the host processor and analyzed. This configuration allowed the host computer to perform diameter
measurements, ceniroid position measurements and shape estimation in “real-time” as ihe next image was being
acquired. Bubble size measurement accuracy with an uncertainty of 3 microns was achieved using standard lenses
and machine vision algorithms. Bubble centroid position accuracy was alse within the 3 micron tolerance of the
vision system. This unceriainty estimaiion accounied for the optical spatiai resoiution, digitization errors and ihe
edge detection algorithm accuracy. The vision algorithms include camera calibration, thresholding, edge detection,
edge position determination, distance between two edges computations and centroid position compuiations.
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1. INTRODUCTION

Sonoluminescence (SL) is the emission of light from a bubble undergoing radial oscillations. In single bubble SL, a
micron-sized bubble is levitated against buovancy forces bv a sound pressure produced in the water-filled
containment vessel by transducers. The position of the bubble is determined by the position of this antinode, wiuch
is governed largely by the containment vessel geometry. The acoustic standing waves (sinusoidal waves) force the
bubble into radial pulsations. During tensile-pressure cvcles, the bubble expands (approximately ten-fold); after
which the pressure changes sign, driving the bubbie inio a violent inertial collapse. A puise of uliravioiet and visibie
light is produced at the end of the collapse.

Single bubbie SL was first observed in 1989 by graduate student D. Felipe Gaitan' at the University of Mississippi.
Prior to that time, research in the area of SL involved unstable single bubbles, or fields of bubbles being created and
destroyed.” The discovery of single bubble SL made it pocsible for researchers to concentrate on the behavior of a
singie bubbie as opposed to the cioud of bubbies as in muitibubbie SL. However, it Wdan’i ‘uniii Seih Putteriman’s
group at UCLA repeated Gaitan’s experiment and started publishing some of their results>* that other researchers
started to take notice. As interest in SL grew, many questions resulted from these early experiments such as how
does one determine the bubbie’s radius’, does the bubble remain spherical throughout the acoustic cycie, and what is
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the bubble dynamics that is occurring during the SL process®’. To gain some understanding of the bubble dynamics
of a SL bubbie, one must first understand what is happening to a bubbie during ihe SL process.

Figure 1 illustrates the nonlinear response of a SL bubble to an applied sound field. At the start of the acoustic cycle,
the bubble radius is estimated be on the order of 3-8um. During the negative portion of the sound field, the bubble
starts to expand. This is due to pressure inside the bubble failing below the vapor pressure of the liquid and the air
bubble starts to fill with vapor. The bubble continues to expand, up to a radius of about 50 um until the sound field
turns positive. This, in turn, canses the bubble to implode with such a violent collapse that at the end of the collapse,
it emits a puise®, on ithe order of 50-300 picoseconds of a biuish ligit which is in the uliravioiet and visibie pari of
the spectrum. Following the collapse the bubble isn’t extinguished, but actually rebounds. Then, this process is
repeated during the next acoustic cycle. The temperature inside the bubble during the collapse is estimated to be on
ihe order of thousands of degrees Keivin™'*'' and pressures on the order of severai kilobars.
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Figure 1: The growth and collapse of bubble’s radius in response to a pressure amplitude of the driving sound wave versus time.
This represents one acoustic cycle during the SL process. (Source: S.J. Putterman, Scientific American 272, 46, 1995)

While the sound fieid does piay a roie in ihe radial osciliations of the bubble, several other forces have an efiect on
the bubble’s position and size. During SL, 2 bubble created through a rapid boiling process is levitated in an acoustic
standing wave. This occurs when the Bjerknes force'”,

f}VP‘ O

where V(1) is the instantaneous volume of the bubble and Pa is the forcing acoustic pressure, is balanced against the
buoyancy force:

Fruoaney = P8 () @

The Bjerknes force will tend to force the bubble toward an acoustic pressure antinode whose position is governed
largely by the containment vessel geometry. Also, the bubble is attracted to this antinode when the driving frequency
is below its natural resonance frequency. However, as the magnitude of the forcing pressure changes, ihis has an



effect on both the degree of growth and the degree of ¢
bubble.

In order to understand single-bubble SL, it is important to measure the bubble oscillations during a given acoustic

cycle, and to compare those measurements with expected behavior. In addition, it is of interest to look for Rayleigh-
Taylor insiabilities during the collapse and parametric instabilities during the rebounds'. in this paper, vision-based
algorithms for making these measurements are discussed.

Since the gas bubbie changes rapidiy in size, it musi be imaged at distinct temporal phases reiative io the sound
pressure field. Because the positional stability may be affected by small perturbations, it is necessary to quantify the
amonnt of motion associated with the bubble as the sound pressure level is changed. A machine vision based
imaging sysiem is requited to acquire and process bubbie images under high-magnification in order o compute
diameter measurements, shape estimations and centroid positions in-sifu.

2. EXPERIMENT CONFIGURATION

" The SL experiment configuration consisted of the following pieces of hardware: a square cross-sectional acrylic
chamber, a nickel-chromium sparker wire, a high-frequency linear amplifier, 300mH inductor, an acoustic horn
consisting of several piezo transducers stacked end-to-end, a sine wave generaior and de-gassed water within the SL
chamber. The water was de-gassed by boiling it, sealing the boiling vessel and then chilling it in ice water for a
period of approximately five minutes. The experimental configuration used to collect the imaging data is shown in
the Figure 2.
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Figurc 2: SL cxperiment configuration



It was necessary to image the SL bubble at its maximum radius (Rmax) as well as at its equilibrium radius (Ro),
where Ro occurs at the position where the acoustic pressure amplitude crosses zero in the negative direction (Fig. 1).
Therefore, the levitated sonoluminescing air bubble was imaged under a collimaied puised LED backlight using a
standard progressive scan CCD camera. A long working distance microscope (Infinity model K2) was used to
provide adequate magnification in order to make the appropriate diameter measurements. The LED backlight was
synchronized with the sound pressure wave (piezo-transducers in the acoustic horn) and images were grabbed and
analyzed at a rate of 29.97 frames per second using a 1GHz computer and frame grabber. It is important to note that
the CCD camera cannot keep pace with the SL backlight pulses. Therefore, since the camera exposure time was set
io 33ms, each processed image is a time exposure of many stroboscopic images at the same point in the acoustic
cycle. The imaging configuration used in the experiment is diagrammed in the Figure 3.
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Figure 3: Imaging configuration for SL experiment

From the imaging system just described, a magnification of 20X was obtainable at appropriate working distances.
This magnification was sufficient to provide useable image data for size analysis. Since the largest anticipated
bubble diameter was approximately 120, that size would be imaged onto 2.4mm of the image plane.

3. RESULTS AND DISCUSSION

An overview of the interior of the SL- chamber containing a levitated SL bubble is shown in Figure 4. A sense of
size perspective regarding the bubble may be inferred from the photograph since the sparker wire probe is
approximately Smum in diameter.

In order to make a fairly accurate bubble diameter measurement, the camera must be calibrated. To accomplish this
task, several custom chrome-on-glass targets were manufactured and provided by Applied Image Incorporated. The
targets (Fig. 5) were made with Sum diameter dois arranged in a repetitive square grid patiern.

These targets were tested using a calibrated microscope system at NASA Glenn Research Center and found to have
a spacing of 312um. Prior to imaging a SL bubble, one of these targets was placed at the midpoint in the SL
chamber in order io provide a reference image for calibration purposes.



Images of the SL bubble were obtained at Ro and Rmax. These images were processed and analyzed to obtain
diameter measurements at both sizes of interest. The image processing was optimized for speed, and therefore,
employed a simpie set of functions. The main siep was to perform a connectivity analysis. 1n order io perform this
processing step, the image must be binarized, and thus, a threshold operation had to be performed first. A gray level
cutoff value of 73 was chosen and all pixel values greater than 73 were set to 255 (white) while all pixels having
intensity values iower than 73 were set to O (black).

Figure 4. Overview of sonoluminescing bubble in cube-shaped vessel. The image was captured using a low magnification in
order to show the sparker wire used to produce the air bubble.

i

Figure 5. Grid target spacing (left) and individual target element (right).

The thresholding process provided a realistic representation of the edge position of the SL bubble. The diameter
measurement could then be computed in pixel space based upon the edge coordinate profile. Since we were
interested only in the horizontal and vertical diameter measurements, a connectivity'* analysis was performed so that
each set of connected pixels of grey level value zero could be bounded by a box having a lengih and width equal to
ithe horizontal and vertical bubble diameiers respectively. The original and processed images are shown in Figure 6.



Figure 6. Original and processed bubble images showing Ro (top left), Rmax (top right), Ro bounded after being processed
(bottom left) and Rmax bounded afier being processed (bottom right).
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Figure 7. Diagram of 8-neighbors of the central pixel.



The connectivity analysis mathematically determines if two pixels are adjacent to each other. In the case of an
object defined by its edges, such as the bubble under investigation, the algorithm must use 8-connectivity. This
implies that two pixels » and s are 8-connected if s is in the set Ng(r). ‘The principle of 8-connectivity is iliusirated in
Figure 7.

if 4-connectivity were used instead of 8-connectivity, only the pixei directly above the central pixel would be
located. In our image processing algorithms, we must use 8-connectivity since we are examining a curved surface
where edges will likeiy be located on the diagonals.

Based on the processed images, the maximum diameter measurements were found to be 256 pixels vertically and
257 pixels horizontally. Applying the appropriate calibration factor, these pixel space values correspond to vertical
and horizontal diameter measuremenis of 115.2um and 115.7um respectively. ‘iThe equilibrium diameter
measurements were 18 pixels vertically and 17 pixels horizontally, which corresponds to 8.1um and 7.65um
respectively.

4. CONCLUSIONS AND FUTURE WORK

Based on the experimental data, it is possible to achieve Ro and Rmax diameter measurements to accuracy of
approximately 3um. Based on radius as a function of time SL plot (Fig. 1.), Ro and Rmax occur for several
microseconds at SL frequencies, and therefore, the temporal resolution is more forgiving and does not greatly affect
the spatial resolution of the diameter measurement. in the future, it would be of scientific value to get diameier
measurements of a SL bubble at various points along the radius as a function of time SL plot to better observe the
bubble as it expands and contracts. This should lead to a better understanding of the bubble dynamics of a SL bubble
including its shape and size not only during its growth and its collapse, but also during the rebounds following light
emission.
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